About 80% to 90% of females are informative for X-inactivation/methylation analysis with the probe M278, which would therefore seem attractive in assessing clonality in hematologic cell populations. Eighteen acute lymphoid or myeloid leukemias, three chronic lymphocytic leukemias, and three chronic myelogenous leukemias as well as 12 malignant non-Hodgkin's lymphomas mostly showed extremely skewed clonal X inactivation (median allelic cleavage ratio [ACR] of unmethylated/inactive M278 alleles was 50, range 1 to 100) or hypermethylation of both alleles. Two lymphomas showed random M278 X inactivation but clonal antigen-receptor gene rearrangements.
-INACTIVATION analysis is an important strategy for the assessment of clonality in a wide variety of tumors and other cellular proliferations from women.' It is based on Lyon's hypothesis, which claims that in each female somatic cell, one of the two X chromosomes, either the maternal or the paternal one, is randomly and irreversibly switched off at an early stage of embryonic development.2 Thus, normal tissues of female individuals represent mosaics with respect to the expression of X-linked genes. For many years, the only method of X-inactivation analysis available was the study of glucose-6-phosphate dehydrogenase isoenzyme expre~sion.~ However, its use to study clonality is limited by the low incidence of this X-linked polymorphism in whites. Vogelstein et aI43' introduced a strategy of clonal X-inactivation analysis at the DNA level with the Southern blot technique. This approach is based on two steps: (l) in females constitutively heterozygous for an X-linked DNA restriction fragment length polymorphism (RFLP) the two alleles at an X-linked locus can be distinguished; and (2) active and inactive X-linked alleles are distinguished through differences of methylation patterns at that locus. Several polymorphic DNA probes cloned from X-chromosoma1 loci are currently available for this purpose: probes from the hypoxanthine phosphoribosyl transferase gene at Xq26.1 (HPRT; BamHI RFLP)? from the phosphoglycerate kinase [PGK] gene at Xq 13.3 (BstXI RFLP)5%6 and from an anonymous locus DXS255 at Xpll. 22 
(M27p; variable number oftandem repeat type [VNTR] p~lymorphism)."'~
The DNA probe M27P is particularly attractive for assessing clonality with the X-inactivation approach, because 80% to 90% of all white women are informative, in contrast to the HPRT or PGK probes where rates of constitutional heterozygosity are only about 15% to 30%. Several investigators have reported that the probe M270 reliably distinguishes clonal nonrandom from polyclonal random X-inactivation patterns in solid tumors and their homologous normal tissues, re~pectively.'~-'~ M27P has also been used to assess clonality in cellular proliferations derived from the hematopoietic with the aim to separate clonal cellular proliferations (taken to represent neoplasms) from nonclonal cellular proliferations that are considered to corre- spond to reactive hematologic disorders. However, the use of M270 for this particular purpose seems to be problematic. Nonrandom X-inactivation can be observed not only in neoplastic hematopoietic cellular proliferations such as leukemias, but also in normal peripheral blood (PB) leukocyte~.'~~'',~' Another problem of the M270 system is that whereas active alleles at DXS255 are consistently methylated, inactive X chromosomes may either be unmethylated in some cells or methylated in others. In addition, many reports on M270 X-inactivation analysis are based on incomplete restriction maps indicating a single methylationsensitive Hpa I1 site at the region 5' to the VNTR eleCpG cluster of three methylation-sensitive sites in this that must be considered when interpreting M27P X-inactivation patterns.
We have set out to define criteria for assessing clonality in cellular proliferations derived from the hematopoietic sysments. 12 tem by the M27P probe. In addition, we present a systematic survey of X-inactivation patterns predicted by the M27P restriction map and detected by Southern blot hybridization.
MATERIALS AND METHODS

Blood and Tissue Samples
PB samples with normal white blood cell (WBC) differential counts were collected from 105 unrelated female individuals representing the following study populations: ( I ) 24 healthy children aged 2 to 8 years (median 5 years) who were investigated with their parents' consent (some children were clinically and genotypically healthy siblings of patients with various hereditary disorders such as cystic fibrosis seen at the Division of Medical Genetics at the Department of Paediatrics); (2) 50 healthy women aged 20 to 58 years (median 35 years); and (3) 3 1 elderly women aged 75 to 96 years (median 82 years). These latter individuals were found on medical examination to be afflicted with conditions such as mild cerebrovascular disease, mild chronic heart failure, or sero-negative degenerative joint disorders, but none of them had any inflammatory, hematologic, or malignant disorders. For comparison we studied histologically normal samples of nonhematopoietic tissue from 2 1 thyroid glands and 24 specimens ofgastrointestinal mucosa harvested freshly at surgery. We also obtained PB leukocyte samples from 24 adult women patients with untreated leukemias at first diagnosis (including 8 acute lymphoblastic leukemias [ALLs] and 10 acute myeloid leukemias [AMLs] as well as 3 chronic lymphocytic leukemias [CLLs] and 3 chronic myelogenous leukemias [CMLs]), and I2 snap-frozen biopsy samples of lymph nodes involved with untreated malignant B-or T-cell non-Hodgkin's lymphoma. In the leukemias, mononuclear cells were separated by Ficoll density-gradient centrifugation ( I ,077 g/L; Nyegaard, Oslo, Norway) and contained at least 90% of malignant cells as assessed by light microscopic examination of Giemsa-stained cytospin preparations. An additional nine samples, found not to be informative for M278. were excluded from further analysis.
DNA was extracted by standard methods, and from each sample an unrestricted aliquot of 5 +g was electrophoresed on an agarose gel to ensure that the DNA was of high molecular weight.
M27P X-Inactivution Anal.vsis
Principle. The M278 probe detects a highly informative locus DXS255 containing a VNTR with a 26-bp tandem repeat element. A PSI I fragment detected by the probe encompasses a cluster of three methylation-sensitive Hpu II/Msp I cutting sites (M 1-3) at its 5' end with differential methylation patterns on active and inactive allele 4.24 (Fig I) . All Pst 1 fragments on active X chromosomes and those on inactive X chromosomes with all three sites M 1-3 methylated are resistant to Hpa I1 cleavage and thus indistinguishable on Southern blots (Fig I. section 1) . Differential methylation correlating with X-inactivation status is seen at sites MI and M2 where inactive M27P alleles are unmethylated or only partially methylated, whereas active alleles are consistently methylated?.'0.'4.24 M278 Pst I/Hpa I1 fragments may be produced from those inactive alleles where M I is unmethylated and M2 is methylated (Fig I , section 2) or through Hpa I1 cleavage at M2 if M2 is unmethylated ( Fig  I , section 3) . M2 represents the single Hpa I1 site reported prev i o~s l y .~"~ Site M3 is always methylated on both active and inactive M278 alleles and is thus never cut by Hpa I1 (Fig I, section 4) . In summary, any PSI I/Hpa I1 cleavage product seen on autoradiography exclusively represents unmethylated inactive alleles, whereas PSI I fragments resistant to Hpa I1 cleavage correspond to methylated active alleles and methylated fractions of inactive alleles.
Technique qfM27P X-inactivation analysis. Thirty micrograms of DNA was digested with Pst I to show the polymorphic alleles at DXS255. The Pst I digests were precipitated, redissolved, and separated into three equal aliquots; aliquot A was not digested any further, whereas aliquots B and C were digested with Hpa I1 (cutting at C/CGG if the internal C is not methylated) or Msp I (an Hpa I1 isoschizomer that cuts its recognition site irrespective of methylation of C residues), respectively. Samples were electrophoresed in 1% to I .2% (wt/vol) agarose gels at 2.3 V/cm for periods of 24 to 96 hours tailored to ensure optimal resolution of the polymorphic fragments in each case. Southern blots were hybridized to the M27P probe (a 2.3-kb Eco RI fragment from an anonymous single clone at Xpl1. 22; 14) and washed under stringent conditions (final wash at 0.1 X standard saline citrate and 55"C), and autoradiographed for 5 days to 3 weeks at -70°C (XM-films, 3M, Trimax, Ferraria, Italy).
X-Inactivation Analysis Using a BstXI Polymorphism of'
the PGK Gene and a BamHI Polymorphism of the HPRT 
Gene
All cases subjected to X-inactivation analysis with the M270 probe were screened with the polymerase chain reaction (PCR) to detect heterozygosity for a PGK gene BstXI polymorphism. Informative cases showed a 6 19-bp and a polymorphic 557-bp fragment. An H p a II/Msp I site located 5' from the polymorphic BstXI site is methylated on inactive alleles and unmethylated on active allele^.'.^ The primers were PGK-A l 5TGT TCC GCA TTC TGC AAG CC3' and PGK-B3 5'TAT CCT TTT GTG CAG GAA CC3'. PCR conditions were as des~ribed.~~." DNA from informative cases was subjected to PGK gene X-inactivation analysis with Southern blot hybridization using a 0.8-kb BarnHI/EcoRI fragment from clone pSPT/PGK.' Clonal analysis based on the BarnHI polymorphism ofthe HPRT gene was performed with the HPRT p800 probe.' Immunogenotyping of hematologic neoplasms was performed as described."
Assessment ofAIlelic Cleavage Ratios (ACR)
Autoradiographs were scanned with a laser densitometer (2202 Ultrascan; LKB, Bromma, Sweden). In M27P analysis, ACR were calculated from densitometry measurements of unmethylated/inactive Pst I/Hpa I1 fragments14 (Fig 2) . It is more accurate to consider unmethylated Pst I/Hpa I1 bands to determine M270 X-inactivation patterns because these fragments are truly representative for inactive alleles, whereas in individuals with partial methylation of inactive alleles at M I and/or M2, Pst I fragments resistant to H p a II cleavage correspond to a mixture of methylated active alleles and methylated fractions of inactive alleles. Random X inactivation would yield an ACR of l , whereas cases with exclusively unilateral X-chromosome use (the extreme variant of skewed X inactivation) would display an ACR of 100. In PGK gene, X-inactivation analysis ACR readings were performed on Pst I/BstXI fragments resistant to Hpa I1 cleavage that represent methylated inactive allelesF9 ACR in HPRT X-inactivation analysis was assessed as
Statistical Analysis
Because ACR values were not normally distributed, statistical analyses were performed by nonparametric tests including MannWhitney U (MW), Kruskal-Wallis (KW), and x ' tests as appropriate. We used the "SPSS Version 4.0" software on a Macintosh computer (Apple Computer, Cupertino, CA).
RESULTS
X-Inactivation at DXS255 Detected byM27p
The median ACR in normal leukocyte DNA from 105 female individuals was 2 with a range of 1 to 100, whereas DNA from normal nonhematopoietic tissue showed a median ACR of 1 with a range of 1 to 3 ( Table l) . There was no statistical difference between the two groups (P = .0614, MW test). Twenty-one of 105 normal leukocyte samples (20%) showed ACR values higher than 10.8 corresponding to greater than 80th percentile in this population. Percentiles were determined by the usual weighted-average method. An overall comparison of median ACR values in normal leukocytes from three different age groups (children, young to middle-aged women, and elderly women) did not show any significant differences (median ACR values of 2, 2, and 3, respectively, ranging from 1 to 25 in the children and from I to 100 in the adult groups; P = .1939, KW test). However, the subgroup of 21 normal individuals with extremely skewed X-inactivation patterns (ACR > 10.8 corresponding to the 80th percentile of this population) comprised significantly fewer children (2/24 individuals) and young to middle aged females (6/50 cases) than elderly females (1 3/3 I cases; P = .OO 125, x' test).
In 20 leukemias or lymphomas representing monoclonal cell populations, a pattern of hypermethylation of both M27P Pst I fragments was noted (pattern B; see below). In this pattern, no ACR can be assessed because all alleles are fully resistant to Hpa 11 cleavage. 16 additional hematologic malignancies mostly showed extremely skewed X inactivation with a median ACR of 50 that was significantly higher than in the normal leukocytes ( P = .OOO I , MW test). However, ACR values in the neoplasms ranged from l to 100, and thus, showed considerable overlap with the ACR range found in normal leukocytes. All our leukemia and lymphoma samples contained more than 90% tumor cells. When admixing normal and tumor DNA, M27P was able to reproduce a clonal pattern down to a level of 40% tumor cells.
Systematic Analysis ofX-Inactivation Patterns Seen With M2 7p
We next examined in detail the various patterns of X inactivation present at DXS255 (Table I ). The restriction map of the locus DXS255 (Fig 1) and previous publications on the correlation between X-inactivation status and methylation at C residues within the CpG island located to the 5' end of the M27P VNTR9.11~14,25 predicted that several distinct M27P X-inactivation patterns would be visualized by Southern blotting (Figs 1 and 3) .
Pattern A represents the extreme case of completely unilateral use in all cells of one and the same allele with an ACR of 100. This pattern is considered to be consistent with . Surprisingly, patterns C and D were also seen in one malignant anaplastic large cell lymphoma of T-cell type and in one malignant centroblastic/ centrocytic B-cell non-Hodgkin's lymphoma, respectively. Unfortunately, these two cases were not informative for clonal PGK or HPRT analysis. However, immunogenotype analyses showed clonal T-cell receptor C@-chain gene rearrangement in the T-cell lymphoma and clonal Ig heavychain gene rearrangement in the B-cell tumor (in our hands, immunogenotype analysis is able to pick up rearranged bands down to a level of about 10% tumor cells in a sample). All 45 samples of normal nonhematopoietic tissue either showed pattern C or pattern D. Pattern E represents a biased or skewed use of one allele over its counterpart. Expected ACR values are between 1 and 100 (Fig 2) , and Hpa I1 cleavage of Pst I fragments is more or less reciprocal, with one fragment predominantly digested and the other predominantly undigested. Skewed patterns were frequent in normal individuals (33/105 cases, 3 1.4%), but also present in 7/36 (1 9.4%) of the leukemias or lymphomas.
Pattern F is characterized by a nonreciprocal relationship of Hpa I1 digestion of the Pst I fragments with one allele fully resistant to cleavage and the other one separated into a methylated and an unmethylated fraction. We found it in 8/105 normal leukocyte samples and in none of the malignancies.
This pattern is difficult to explain based on Lyon's hypothesis and the DXS255 restriction map. Therefore, we examined these cases with high-resolution Southern blot electrophoreses to see whether the fragments, which on standard examination appeared to be fully resistant to Hpa I1 cleavage, would be separable into a methylated and an unmethylated fraction. In all eight cases, Pst I/Hpa I1 cleavage products derived from such fragments were shown either by prolonged gel electrophoresis or longer periods of Southern blot autoradiography. We therefore conclude that patterns F1 and F2 are identical to patterns E2 and El, respectively, and thus represent nonrandom skewed X-inactivation. Pattern G was seen in three normal leukocyte samples only. This rare pattern occurs in a cell population composed from an admixture of cells with differential methylation either at M 1 or at M2. In cells unmethylated at M2, Hpa I1 would cleave at M2, and in cells methylated at M2 but unmethylated at M1, Hpa I1 cuts at MI, thus yielding two Pst I/Hpa I1 fragments of different size. 25 In two cases Hpa I1 cleavage indicated random X inactivation, and one case showed skewing with only the inactive allele digested into two bands (Fig 3) .
In summary, random X inactivation (patterns C and D ;  Fig 3) was seen in 58/105 normal leukocyte samples (55%) and in two lymphomas, whereas nonrandom X inactivation with various degrees of skewing (including patterns A, E, (Table 2 ). In seven normal cases and in 1 leukemia, there was too little DNA to complete PGK and HPRT analysis. In previous reports. full concordance was noted between M27P and PGK result^."^*^.^^ In our cases, PGK results were concordant with M27P Xinactivation patterns in all neoplasms and in 35 normal leukocyte samples. but major discordancies were seen in five normal individuals. In three leukocyte samples (nos. 3.27. 3.12, and 3.4). M27P analysis indicated random X inactivation where PGK gene analysis pointed to clearly skewed Xchromosome use. The reverse was seen in two other samples No major discrepancies were noted between HPRT and M27P analyses in nine ofthe cases. Two normal females (nos. 3. I3 and 3.14) were constitutively heterozygous for all three polymorphisms. In individual no. 3.14 random X inactivation was seen with all three probes. Individual 3.13 displayed severe skewing with M27P (ACR 50) and random X inactivation at the PGK and HPRT loci.
DISCUSSION
The main interest in X-inactivation analysis is the assessment ofclonality oftumors and other cellular proliferations. The finding that a tumor is monoclonal is consistent with, but no formal proof for, a neoplastic process, whereas polyclonal cellular proliferations are typically found in normal tissue or reactive (eg, inflammatory) cell populations. The M270 system has been advocated to be useful for this pur-FEY ET AL p~s e . '~,~" '~ For example, M27P has been used to gather evidence in favor of" or against a clonal pathogenesis of severe aplastic anaemia.20 Severely skewed M270 X inactivation was found in PB leukocytes from patients with myelodysplastic ~y n d r o m e s '~,~~ and paroxysmal nocturnal hemoglobinuria" and was interpreted as suggesting a clonal origin of these conditions from a single hematopoietic stem cell. Random M276 X inactivation was seen in neutrophils from a patient with both chronic neutrophilic leukemia and myeloma and was taken to indicate a polyclonal reactive neutrophil response rather than a clonal myeloproliferative disorder. " We have found that the separation of polyclonal normal or reactive from clonal neoplastic hematopoietic cell populations using M276 is problematic. Severely skewed M278 X-inactivation patterns-including the extreme variant of completely unilateral X inactivation-are frequent in normal leukocytes from healthy females and not exclusive to neoplastic myeloid or lymphoid cell populations. Conversely, random M27P X-inactivation patterns (pattern C and D ; Fig 3 ) do not provide conclusive evidence against a monoclonal origin of a hematopoietic cellular proliferat i~n .~' ,~~ Two of our lymphomas that were clearly clonal based on immunogenotype analysis showed random X inactivation and thus show that in a given case a random M276 X-inactivation pattern is not sufficient to unequivocally exclude the presence of a clonal neoplastic proliferation. Thus, we conclude that there are major obstacles in the way of firmly linking random or nonrandom/skewed M27P X-inactivation patterns with polyclonal (normal and reactive) or clonal (neoplastic) hematologic cell populations, respectively. The only exception is hypermethylation of both M278 alleles (pattern B ; Fig 3) , which may point to a clonal neoplasm, because in our series this pattern was restricted to leukemias and lymphomas and was never seen in normal
The examination of the constitutive M27P Xinactivation pattern in normal tissue homologous to a tumor sample of interest would point a way around this problem. However, in hematologic cellular proliferations such controls are rarely if ever available, particularly because skewing is not limited to a particular hematopoietic cell lineage but may affect both myeloid/monocytic and lymphoid cells.'3 It has recently been suggested that in patients with aplastic anemia, bone marrow fibroblasts could be used as a cont1-01.~' However, the choice ofthis control may be deceptive because skewing of M27P X inactivation seems to be tissue specific as shown in a comparative study on M27P patterns in normal blood leukocytes and normal gastrointestinal mucosa from the same individ~a1s.l~ Thus, it would seem that the major advantage of M27P over the PGK and HPRT probes is its much higher rate of heterozygosity, which is counterbalanced by the fact that it discriminates less reliably between active and inactive X alleles than PGK and HPRT.
An additional problem is that no uniform criteria on how to report clonal M270 X-inactivation analyses have been defined in the literature. Results have either been reported in a descriptive manner18-20.22,23'30 or as ACR calculated from densitometry readings of Pst I bands remaining after Hpa I1 d i g e~t i o n .~~.~' However, M27P Pst I fragments resis-tant to Hpa I1 cleavage are frequently made up of the active X and a portion of methylated inactive X chromosomes and are thus not truly representative of the active X.13314925 Inclusion of the Hpa I1 resistant Pst I band in a calculation of skewing will be incorrect because this difference is a constant and not a proportional amount for both alleles. Partial methylation of inactive X chromosomes would reduce the sensitivity of their detection in Pst I/Hpa I1 double digests as correspondingly less of the double-digest products will be A population of cells (in particular, a clone derived from a single cell of origin) with exclusive unilateral use of one X chromosome (the paternal copy in this example); (B) a cell population with complete methylation of both the inactive and the active X chromosome where both alleles are Hpa II resistant; (C) the oval encompasses a cell population with random X inactivation of the paternal or the maternal allele at a 1 : 1 ratio resulting in four different Pst I/Hpa II fragments. Fragments resistant to Hpa II cleavage exclusively represent active methylated alleles, and fragments cleaved by Hpa II correspond to inactive unmethylated alleles. The intensity ratio of fragments cleaved by or resistant to Hpa II is 1 :l ; (D) admixture of cells from populations B and C (bold frame) yields a random Xinactivation pattern affected by partial methylation of some inactive X chromosomes. Unmethylated fragments sensitive to Hpa II cleavage are exclusively derived from population C. Pst I fragments resistant to H p II are composed of the active alleles in C and active as well as inactive alleles in B; (E) admixture of cell populations A and C (plain frame) will display a nonrandom skewed X-inactivation pattern, because both a population of cells with unilateral X chromosome use (A) and a cell population with random X inactivation (C) contribute to the pattern discovered by M27,9.
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produced-an effect that probably contributes to the apparent higher ascertainment of skewing in blood leukocytes.
Our results show that in hematopoietic tissues, M27P Xinactivation patterns at DXS255 are more diverse than predicted by Lyon's hypothesis (Fig 4) . We would like to propose that in hematopoiesis, three basic patterns of X inactivation, a clonal pattern (type A), hypermethylation of both alleles (type B), and random X inactivation (type C), occurring either singly or combined, would form the basis of all the patterns seen in our samples. This model is exemplified in Fig 4. An extreme degree of skewing at DXS255 in normal blood leukocytes was seen in 20% of women, which is in keeping with data from other^^^,^' and in contrast to reports on much lower rates of extreme lyonization at the PGK loc m 5 In normal cells, skewing seems to be restricted to the hematopoietic system affecting all cell lineages and is very rarely if ever seen in nonhematologic sample^.'^.^^ One might speculate that in individuals with extremely skewed X-chromosomal use, hematopoiesis depends on a very small number of stem cells with the same X chromosome in an active ~t a t e~~-~' selected through the effect of a putative X-linked gene that affects their g r o~t h .~~,~~, '~ Our finding that extreme skewing is significantly more frequent in blood leukocytes of the elderly than younger individuals may suggest that X-chromosomal use in hematopoiesis is not necessarily determined irreversibly at the stage of early embryogenesis as predicted by Lyon's hypothesis. It may further support the clonal succession model of hematopoiesis.
In summary, we suggest that assessment of clonality with M27P should be restricted to tumors and other cellular proliferations where in addition to the tissue of interest, normal homologous tissue from the same patient can be examined to establish the cell-lineage-specific constitutive X-inactivation pattern. Although this probe has been widely applied to assess clonality in hematological samples, its use for this purpose cannot be recommended. The finding of skewed X inactivation or strictly unilateral use of one X chromosome in normal PB leukocytes raises important questions regarding the composition of the hematopoietic stem cell pool and warrants further study.
